Introduction
Pazufloxacin mesilate (PZFX, Fig. 1 ) is one of the fourth generation members of quinolone synthetic antibiotics with high antimicrobial activity resulting from a selective antagonism between host DNA and bacterial DNA without interference with eukaryotic topoisomerases. [1] [2] [3] PZFX is widely used for the treatment of various bacterial infections. Thus, an effective, simple, and sensitive method for the determination of PZFX is needed. Existing methods for the determination of PZFX include high performance liquid chromatography (HPLC), [4] [5] [6] fluorescence method, 7 chemiluminescence, 8, 9 and capillary electrophoresis. 10, 11 The HPLC method with UV detector is a good method for detection with efficient separation, but the sensitivity is very low. While the fluorescence and chemiluminescence analysis methods offer high sensitivity, poor anti interference ability make them impractical for complex samples. Therefore, a highly selective and sensitive method is needed for determining PZFX in complex samples.
Since Ying et al. synthesized highly luminescent gold nanoclusters (Au NCs) by using bovine serum albumin (BSA) as both a reducing and a stabilizing agent, the synthesis of protein-protected Au NCs has attracted more and more research interest. [12] [13] [14] [15] After conjugation with biological molecules, the protein-protected AuNCs are more photostable, non-toxic, and biocompatible due to their lower metallic content, and therefore they hold great promise as new types of analytical tools for biotechnology, life sciences, and environmental studies. 16, 17 The BSA-protected AuNCs (AuNCs@BSA) have been used as sensors to detect metal ions; [18] [19] [20] 25 and so on. In this contribution, AuNCs@BSA has been successfully utilized as novel fluorescent probes for the detection of PZFX.
Herein, we report on the synthesis of the fluorescent AuNCs@ BSA with a red emission. We used it as a fluorescent sensor for PZFX with sensitive and selective detection for the first time. The development of a simple and inexpensive sensor for PZFX should have significant implications with regard to its use as an analytical tool for medical, biological and environmental studies.
In the present study, biomolecule-stabilized Au nanoclusters were demonstrated as a novel fluorescence probe for sensitive and selective detection of pazufloxacin mesilate (PZFX) for the first time. The linear decrease in the fluorescence intensity of Au nanoclusters induced by PZFX allowed for the quantitative detection of PZFX in the range of 0.15 μg/mL to 1 mg/mL, and the detection limit for PZFX was 0.2 μg/mL. Circular dichroism spectroscopy and fluorescence decay studies were then performed to discuss the quenching mechanism. In addition, practical application of the present approach was also demonstrated for real samples, which suggested its great potential for accurate analysis of similar drugs. from Beijing Chemical Co. All other agents were of analytical reagent grade and used as received. The water used was purified through a Millipore system.
Keywords
The aqueous HAuCl4 (20 mL, 10 mM) was added to aqueous BSA (20 mL, 50 mg/mL, 37 C) under vigorous stirring. Two minutes later, an NaOH solution (2 mL, 1 M) was introduced, and the mixture was incubated at 37 C for 12 h. After that, to remove all small molecular impurities, the solution was dialyzed with a 10 kDa cut-off dialysis bag against doubly distilled water for more than 24 h and the water was changed every 4 h. The gel column for the separation of the mixture of BSA from AuNCs@BSA was prepared with the commercially supplied Sephadex G-75 gel. Red-colored fractions were collected and then subjected to freeze-drying to obtain AuNCs@BSA in powder. The solid AuNCs@BSA was dissolved in Tris-HCl buffer solution to get a concentration of 1 mg/mL for stock.
Apparatus
The fluorescence spectra were performed on a Shimadzu (Japan) RF-5301pc fluorescence spectrometer. And the spectra were recorded, respectively, in the wavelength range of 280 -500 nm for BSA upon excitation at 280 and 550 -750 nm for gold NCs upon excitation at 500 nm. To reduce the fluctuation in the excitation intensity during measurement, the lamp was kept on for 30 min and the samples were stock-still for 3 min prior to the experiment. Samples for emission measurement were contained in 1 cm × 1 cm quartz cuvettes (4 mL volume). All spectroscopic measurements of AuNCs@BSA were performed in the Tris-HCl buffer solutions.
CD measurements were carried out on a 62A DS CD spectrometer (AVIV) with a 1.0-cm path length rectangular quartz cell controlled by a thermoelectric cell holder (AVIV). Far-UV CD spectra were taken in a wavelength range of 190 -260 nm, and each spectrum was the average of three scans.
Results and Discussions

Spectral characteristics of AuNCs@BSA
BSA-stabilized AuNCs were prepared according to a method described previously. 12 The as-prepared AuNCs@BSA exhibited a deep brown color when viewed with the naked eye, and a red emission color under UV light (365 nm), which was consistent with the results of literature 12 and suggested the successful preparation of BSA-stabilized fluorescent Au nanoclusters. Figure 2 shows the typical excitation (curve a) and emission (curve b) spectra of AuNCs@BSA in an aqueous solution. Compared to the AuNCs@BSA prepared by direct heating method emitted at 640 nm, 12 our result was obviously blueshifted (the maximum emission peak at 608 nm) and very similar to the gold nanoclusters synthesized by Yue and coworkers, 26 when suggested that the obtained AuNCs@BSA had a relatively smaller core size.
Fluorescence detection of PZFX by AuNCs@BSA
We then investigated the concentration-dependent fluorescence changes of AuNCs@BSA in the presence of PZFX (Fig. 3) . It could be observed that the emission intensity of AuNCs@BSA was quenched directly upon gradual addition of PZFX. And the intensity decreased (F0/F) almost linearly versus the concentrations of PZFX over a concentration range from 0.15 μg/mL to 1 mg/mL (R = 0.994). The low detection limit of 0.2 μg/mL for PZFX could be achieved if a more diluted AuNCs@BSA (0.02 mg/mL) preparation was used (Fig. 4) . Although our method was not comparable with other methods, we provided a new approach for the detection of PZFX, and it could be optimized in the future to further improve detection sensitivity. In addition, we provided a new application of gold nanoclusters as a novel fluorescent probe. The relative standard deviation of 3.2% was obtained from five replicate detections of 10 μg/mL PZFX, and indicated good reproducibility of the present method.
Fluorescence quenching of gold nanoclusters by PZFX
The response of the biosensor can be affected by pH, temperature, and reaction times. In order to achieve sensitive and precise detection of PZFX, all these factors should be studied and optimized. The results showed (Fig. 5) that the fluorescence response toward PZFX changed slightly when the pH of the AuNCs@BSA solution varied in the range of 5.0 -9.0, or the temperature varied from 27 to 57 C. Considering our system for future biological applications, we chose pH = 7.0 and a physiological temperature of 37 C as the experimental conditions. It was believed that this method was fast and stable, furthermore detected PZFX under mild condition.
Interference experiment
One disadvantage of the current optical chemosensors for PZFX was poor anti interference ability, which would affect the veracity of the determined result by potentially interfering substances. To investigate whether the present system was specific for PZFX detection, we measured the fluorescence response of this sensing system with common amino acids (including asparagine, arginine, and glutamine), urea, vitamin C (Vc), glucose and so on. The results indicated only PZFX could induce a drastic decrease in the fluorescence intensity, as shown in Fig. 6a , while no obvious fluorescence changes were observed in the presence of these potentially interfering substances. In addition, two other quinolones, ofloxacin and cyclopropane carboxylic acid, which have similar structures as PZFX, were used to study the interference. The results showed that the two substances did not affect the emission of AuNCs, so the PZFX detection could be achieved with very high selectivity. In addition, metal ions such as K + , Mg 2+ , Ca 2+ , Na + , Al 3+ , Ba 2+ and Fe 2+ showed no interference for PZFX detection (Fig. 6b) . Moreover, it was noted that the presence of Cr 3+ and Al 3+ had a slight effect on the fluorescence intensity of AuNCs@BSA. However, as for real samples, the concentrations of these two metal ions were generally much lower than the above values, so they could not induce an obvious change in the fluorescence intensity of AuNCs@BSA. The above results indicated that our sensing system was highly selective towards PZFX over other potentially interfering substances. Therefore, due to the good selectivity of this assay, real samples could be detected without removing potentially interfering substances.
Response mechanism of AuNCs@BSA to PZFX
The mechanism of the sensitive fluorescence response of AuNCs@BSA toward PZFX was also investigated. The AuNCs formed in BSA were stabilized by a combination of Au-S bond with the protein (via the 35 cysteine residues in BSA) and the steric protection due to the bulkiness of the protein. 12 Considering the structure of the AuNCs@BSA, the templates played a very important role in the fluorescence of AuNCs@ BSA. 27 When the structure of BSA was changed, the surface state of AuNCs@BSA would change, leading to a decrease in fluorescent intensity of AuNCs@BSA. In addition, for the strong interaction between PZFX and HAS, Jin et al. had reported that the conformation of tryptophan in the HSA micro-region was caused by the interaction of HSA with PZFX. And the structure and characteristic of BSA were similar to HSA. Herein, we presumed that the quenching of the system emission might be attributable to the structural damage of AuNCs@BSA. Figure 7 shows the fluorescence emission spectra of BSA and AuNC@BSA in the absence and presence of PZFX, measured at neutral pH upon excitation at 280 nm. AuNCs@BSA showed Fig. 4 Fluorescence spectra of AuNCs@BSA (0.02 mg mL -1 ) measured after the addition of different amounts of PZFX (0 -2.0 μg mL -1 , λex = 500 nm). Fig. 5 Effects of pH, reaction temperature and time on the F0-F of the system (AuNCs@BSA was 0.5 mg mL -1 , PZFX was 10 μg mL -1 ).
a strong fluorescence emission band at 340 nm. Upon the addition of PZFX, its emission intensities at 340 nm decreased gradually and blue-shifted, which might be attributable to a change in the conformation of the tryptophan micro-region 28 caused by the interaction of BSA with PZFX. Meanwhile, an increase in the fluorescence intensity at 378 nm could be assigned to PZFX. 29 From the fluorescence emission spectra, we could conclude that AuNC@BSA and PZFX had a strong interaction.
To explore the interaction of BSA in AuNCs@BSA from PZFX, CD spectra of it with and without PZFX were measured. The CD spectrum of BSA in Fig. 8 exhibited two negative minima in the ultraviolet region at 210 and 222 nm, which were characteristic of α-helical structure of protein. 30 However, after the synthesis of gold nanoclusters, the CD spectrum of AuNCs@BSA showed the negative band blue-shift. Besides, the valley at 222 nm became shallower than that in the pure BSA. This implied a decrease in α-helical content and an increase in random coil structures, which is consistent with the previous reports. 31 As displayed in Fig. 8 , AuNCs@BSA showed a strong negative peak at 222 nm, while the addition of PZFX induced a slight change and the results indicated the interaction between AuNCs@BSA and PZFX. In order to clarify more precisely the secondary structure changes of BSA with the addition PZFX, the proportions of the secondary structural elements were calculated. The results clearly showed that the percentages of the α-helix increased from 28.4 to 30.1%, but the turn structures decreased from 22.4 to 21.4%
Practical Applications
Detection of PZFX in injections
To evaluate whether the developed fluorescent sensor for AuNCs@BSA is suitable for practical applications, PZFX injection was firstly diluted by doubly distilled water to prepare a 100 mg mL -1 stock solution. Suitable amounts of the solution were measured by the developed assay. The measured results listed in Table 1 showed no significant difference between the labeled value and that obtained by the proposed method, demonstrating the potential for practical application of the sensor for the analysis of PZFX in medicinal samples. 
Detection of PZFX in human urine
After oral administration, PZFX is rapidly absorbed through the gastrointestinal tract, distributed throughout the body, and excreted mainly via the urine. 32, 33 So the biological samples were prepared by adding a fixed amount of PZFX into human urine samples taken from healthy volunteers. The fluorescence intensity of the diluted urine samples showed no changes without the addition of PZFX, which was consistent with the finding that there was virtually no PZFX in the urine of healthy persons. Nevertheless, the addition of the urine samples spiked with 200 -300 μg/mL PZFX led to a significant decrease in the fluorescence intensity of the sensing system, and interestingly, almost the same changes of the fluorescence intensity were observed for different PZFX-spiked water samples, which further reveals that such a sensing system was highly selective toward PZFX over other compositions in real samples. Based on the above results, we applied a standard addition method to determine the concentration of PZFX in the urine samples. The recoveries of these measurements were 96 -97% (Table 2) . These results showed that this novel sensing system had great potential for quantitative analysis of PZFX in biological samples.
Conclusions
In summary, we have demonstrated a new and facile method for sensitive detection of PZFX based on biomolecule-stabilized Au nanoclusters in an aqueous solution. In comparison with previous approaches for PZFX detection, this method required no complicated preparation procedure, and detected PZFX under mild condition. Moreover, the present method was more suitable for future biological applications because of its excellent biocompatibility and the low toxic characteristic of Au nanoclusters relative to the previous report. 34 The present work not only demonstrated the strong interaction between AuNCs@ BSA and PZFX but also showed great potential to provide a simple, robust, and easy-to-make analytical approach in the future. 
